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The modification of zinc-binding residues inside the conserved CCHC motif of human immunodeficiency
virus type 1 NCp7, in particular into CCHH, induces a complete loss of infectivity. Since the mutant
His28NCp7 has been shown to be devoid of infectivity in vivo, the structure-function relationships of the
mutant His28(12-53)NCp7 were investigated by nuclear magnetic resonance and surface plasmonic resonance.
Although the Cys28—His mutation modifies drastically the structure of the core domain (residues 12 to 53) of
NCp7, His28(12-53)NCp7 still interacts with a 10-fold-lower affinity to specific nucleic acid targets, such as
SL3, a stem-loop critically involved in viral RNA packaging, and without affinity change with the nonspecific,
single-stranded nucleic acid poly(T). Moreover, His28(12-53)NCp7 and native (12-53)NCp7 displayed the same
affinity with reverse transcriptase, but the natures of the complexes are probably different, accounting for the
drastic reduction in the amount of RNA packaged in the mutated virus. We propose a structural model of
His28(12-53)NCp7 that provides insights into the NCp7 structural features necessary for target recognition
and that shows that the specific native structure of the zinc finger domain is strictly required for the optimal

target selectivity of NCp7.

Human immunodeficiency virus type 1 (HIV-1) NCp7 is a
small basic protein that is well characterized as a nucleic acid
chaperone protein involved in annealing and hybridization ac-
tivities. NCp7 plays a crucial role in key steps of the viral life (6,
29). NCp7 contains two well-conserved CX,CX,HX,C zinc
finger (ZF) motifs (Fig. 1) that are required for most of these
processes (5, 9-13, 17, 18, 26, 30, 32-34). Nuclear magnetic
resonance (NMR) of the structure of NCp7 of HIV-1 revealed
that the two well-folded CCHC ZFs (21, 25, 31) are in close
spatial proximity (16, 17, 20, 21, 22, 28). Strong relationships
have been established between the three-dimensional organi-
zation of NCp7 and its biological functions. Mutations of the
CCHC motif into CCCC or CCHH in the N-terminal ZF of
NCp7 lead to a complete loss of infectivity (5, 8, 10, 12, 32, 34).
In the case of CCCC, this behavior has been correlated with a
loss of spatial proximity between the two ZFs (8), impeding
nucleic acid interactions (17, 23), reverse transcriptase (RT)
recognition (9), and optimal nucleic acid chaperone activities
(13, 17, 34). Previously, it was shown that in the isolated N-
terminal ZF, the Cys28—His mutation resulted in the forma-
tion of two folded interconverting forms, E and D, due to the
coordination of zinc by His28 via N* and its N®' imidazole
atoms, respectively (27). It has been shown that His28NCp7
was able to package only 32% of the viral RNA packaged by
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the wild type and that a defect in the reverse transcription
process leads to a 10*-fold decrease in infectivity (10).

In an effort to dissect the impact on NCp7 activity of the
substitution of the CCHC motif for CCHH and CCCC in the
N-terminal ZF of NCp7, we have used surface plasmonic res-
onance (SPR) to investigate the interactions of His28(12-53)
NCp7 and Cys23(12-53)NCp7 (Fig. 1) with the specific rele-
vant targets of NCp7, RT, and SL3 (a stem-loop of the viral
RNA packaging domain) and with a nonspecific DNA se-
quence, poly(T). Although both mutations affect drastically the
structure of the N-terminal ZF of NCp7 and induce mutated
forms that are defective in vivo (10), they display radically
different in vitro responses. In order to explain these differ-
ences at the molecular level, structural models of His28(12-53)
NCp7 are proposed and compared to those of (12-53)NCp7
and Cys23(12-53)NCp7.

Ability of His28(12-53)NCp7 to interact in vitro with specific
targets contrasted with that of Cys23(12-53)NCp7. The con-
tribution of the N-terminal ZF in (12-53)NCp7 and its deriv-
atives His28(12-53)NCp7 and Cys23(12-53)NCp7 in efficient
nucleic acid binding or RT recognition was measured using
SPR experiments by direct interaction with SL3 and RT.
Figure 2A represents an overlay of the sensorgrams obtained
from successive injections of each peptide solution. Dilute
concentrations (200 nM) of peptides were used on immobi-
lized 5'-biotinylated SL3 in HBS buffer (10 mM HEPES, 100
mM NacCl, 0.005% p20; pH 7.4) in order to avoid aggregation
or oligomerization. Increasing concentrations of each peptide
were injected at 30 pl/min for 100 s, and the dissociation was
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FIG. 1. Primary sequence of NCp7. The His23—Cys and Cys28—His mutations leading to CCCC and CCHH mutants are indicated by arrows.
The domain from residues 12 to 53 of NCp7, which is critical for the biological activities of the protein, is indicated in bold.
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FIG. 2. Interaction of (12-53)NCp7 and its mutants Cys23(12-53)NCp7 and His28(12-53)NCp7 with the specific targets SL3 and RT. (A) Direct
binding of (12-53)NCp7 and its mutants to SL3 as measured by the SPR method. The same concentration (200 nM) of (12-53)NCp7 [(12-53); ],
His28(12-53)NCp7 [H28(12-53); @], or Cys23(12-53)NCp7 [C23(12-53); (] was injected into 600 response units of SL3 immobilized on the sensor
chip in HBS buffer at 25°C. (B and C) Kinetic analyses of the (12-53)NCp7/SL3 (B) and His28(12-53)NCp7/SL3 (C) complexes. Protein
concentrations were allowed to vary from 500 to 7 nM (500, 375, 250, 187, 125, 93, 62, 46, 31, 15, and 7 nM). (D) Direct binding of (12-53)NCp7
and its mutants to RT. The same concentration (1.6 uM) of (12-53)NCp7 [(12-53); m |, His28(12-53)NCp7 [H28(12-53); @], or Cys23(12-53)NCp7
[C23(12-53); O] was injected into 4,000 response units of RT immobilized on the sensor chip in HBS buffer at 25°C. (E and F) Kinetic analyses
of (12-53)NCp7/RT (E) and His28(12-53)NCp7/RT (F) complexes. Protein concentrations were allowed to vary from 4 pM to 62.5 nM (4, 3, 2,
1, 1.5, 0.75, 0.5, 0.375, 0.250, 0.187, 0.125, and 0.625 wM).
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TABLE 1. Kinetic parameters of the complexes formed by (12-53)NCp7, His28(12-53) NCp7, NCp7, and (a-D)NCp7 with SL3,
poly(T), and RT

Protein complex k, M~ts™h kg (s™hH Ky?
(12-53)NCp7/SL3 2.50 + 0.08 (10°) 2+02(107%) 9 nM
(12-53)NCp7/poly(T) 1.37 = 0.12 (10°) 38 = 3.0 (107%) 277 nM
(12-53)NCp7/RT 0.22 + 0.03 (10°) 37 +4.0(1073) 1,700 nM
His28 (12-53)NCp7/SL3 470 + 0.30 (10°) 46 + 5.0 (1073) 97 nM
His28 (12-53)NCp7/poly(T) 0.21 = 0.03 (10°) 5=0.7(1073) 238 nM
His28 (12-53)NCp7/RT 1.06 = 0.09 (10°) 41 +17.0(1073) 400 nM
NCp7/SL3 8.03 = 0.07 (10%) 231 +0.11 (1074 2.87 nM
NCp7/poly(T) 3.25 = 0.13 (10%) 4.46 = 0.05 (1074 13.7nM
NCp7/RT — — —
(a-D)NCp7/SL3 9.47 + 0.17 (10%) 7.76 + 0.14 (1073) 81.9nM
(a-D)NCp7/poly(T) 2.79 = 0.16 (10%) 2.00 = 0.09 (1077%) 71.7 nM

(a-D)NCp7/RT —

“ Kp, affinity constant; —, no SPR experiments were performed for the interactions of NCp7 and (a-D)NCp7 with RT (see the text and reference 9).

observed for 300 s (Fig. 2B and C). Analysis with the
BIAevaluation software showed that the data fitted well to the
pseudo first-order model appropriate for dilute concentra-
tions. His28(12-53)NCp7 retains its ability to recognize SL3,
whereas Cys23(12-53)NCp7 does not interact with SL3 (Fig.
2A). The same conclusions were obtained with a biotinylated
30-mer nonspecific sequence, poly(T) (data not shown). Ac-
cordingly, the structural changes induced by the His23—Cys
mutation strongly modified the interaction of the ZF domain
with d(ACGCC) (8, 23) or with trans activator response (TAR)
RNA (17). Moreover, in vitro, this CCCC mutant was shown to
be unable to initiate the annealing of tRNA™*? to the primer
binding site, in contrast to its native counterpart (30).

His28(12-53)NCp7 presents an association rate constant
(k,) of 4.7 x 10° M~ ' s~ which is not significantly different
from that of the native peptide (2.5 X 10° M~ ' s~ ') (Table 1).
However, the higher dissociation constant (k,) of the mutant
demonstrates that the complex of His28(12-53)NCp7 and SL3
is less stable than that of (12-53)NCp7 and SL3. This is illus-
trated by the total dissociation of the mutant from SL3, while
a part of the native peptide still remains bound to SL3 (Fig. 2B
and C). The affinities of (12-53)NCp7 and His28(12-53)NCp7
for SL3 were estimated from the kinetic data to be 9 and 97
nM, respectively (Table 1). Kinetic constants have also been
calculated for the 30-mer poly(T) (Table 1). Although the k,
and k, values for (12-53)NCp7 are different from those found
for His28(12-53)NCp7, the two proteins have similar global
affinities for poly(T) of 0.277 and 0.238 wM, respectively.
Therefore, it appears that His28(12-53)NCp7 is able to interact
with nonspecific polynucleotides as tightly as the wild-type
peptide does, but it is not as efficient at discriminating a spe-
cific sequence like SL3, suggesting that a conserved structure
of the ZF domain is required for specific recognition of the
packaging signal.

In contrast to Cys23(12-53)NCp7, His28(12-53)NCp7 is still
able to form a complex with RT (Fig. 2D). Measurement of the
apparent kinetic rates of His28(12-53)NCp7/RT binding (Fig.
2E and F) shows that the complex is characterized by a k,, value
close to that of the (12-53)NCp7/RT complex (0.041 and 0.037

s~ !, respectively). However, the k, value of the mutant is

higher than that of the native peptide. The affinities of (12-
53)NCp7 and His28(12-53)NCp7 for RT are 1.7 and 0.4 pM,
respectively (Table 1).

It appears that His28(12-53)NCp7 is still capable of inter-
acting with unstructured DNA with an affinity similar to that of
(12-53)NCp7 but that it has a weaker affinity with SL3. Al-
though an interaction still occurs between His28(12-53)NCp7
and RT, His28(12-53)NCp7 forms a complex with RT that is
kinetically or thermodynamically different from that formed
with the wild-type peptide. NCp7 interacts with the two sub-
strates p66 and p51 of RT by means of its two ZFs, with the
N-terminal ZF reinforcing the required structure of the cata-
lytic HIV-1 RNase H domain, thus improving its activity. The
structural changes observed in the mutated proximal ZF may
alter this functional activity of NCp7. These results are in good
agreement with the data obtained by Gorelick et al. with
His28NCp7 (10), which indicated that the 10*-fold decrease in
infectivity observed for His28NCp7 is not directly related to
the 70% reduction in RNA packaging, but rather to a defect in
the reverse transcription.

We also analyzed the role of the flanking regions, as it has
been shown that the N-terminal region (1-11) is involved in the
interaction with SL3 (7). We measured the binding constants
for NCp7/SL3, NCp7/poly(T), (a-D)NCp7/SL3, where (a-
D)NCp7 corresponds to NCp7 with the two ZFs replaced with
two Gly-Gly linkers (9), and (a-D)NCp7/poly(T) by SPR (Ta-
ble 1), using experimental conditions similar to those described
for (12-53)NCp7 peptides. A comparison of the affinities esti-
mated for NCp7 and those obtained for (12-53)NCp7 (Table 1)
shows that the presence of the flanking regions stabilizes
NCp7/SL3 by only a factor of 3 but that it increases the affinity
by a factor of 20 for poly(T). The affinities obtained for (a-
D)NCp7/SL3 and (a-D)NCp7/poly(T) (Table 1) indicate that
the two CCHC ZFs are important for the optimal selectivity of
NCp7 for nucleic acid sequences. In addition, it has been
demonstrated that the presence of the two ZFs of NCp7 is
crucial for RT recognition since (a-D)NCp7 does not interact
with RT (9). The contribution of the extremities of NCp7
seems to be low since the affinities of NCp7/RT and (12-
53)NCp7/RT are 0.6 (9) and 1.7 uM, respectively.
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NMR analysis of His28(12-53)NCp7. Since the Cys28—His
mutation in the isolated N-terminal ZF modifies drastically the
structure of the core domain (27), a structural study by NMR
of His28(12-53)NCp7 was attempted in order to establish a
correlation with the in vitro observations. This structure-func-
tion relationship of His28(12-53)NCp7 provides insights into
the NCp7 structural features important for its functions during
the retrovirus life cycle. We examined the effect of the
Cys28—His mutation on the ZF domain of NCp7 using stan-
dard 'H NMR methods as described previously (8, 21, 22, 27).
A 'H-"N heteronuclear single-quantum correlation (HSQC)
experiment (2) carried out from 278,000 (278K) to 293K on
His28(12-53)NCp7 synthesized with a 95% '°N-labeled His28
residue (27) shows that both the D and E conformations are
still observed in the ZF domain of NCp7 (Fig. 3A). In the
two-dimensional nuclear Overhauser effect spectroscopy
(NOESY) (14, 19), we observed sharp peaks for the region
encompassing residues 33 to 53 and containing the C-terminal
ZF (data not shown), indicating that the latter is not affected
by the interconversion of the CCHH ZF. The remainder are
either broad or missing, indicating that the N-terminal CCHH
ZF and a part of the linker are in slow or intermediate ex-
change on the NMR timescale. The first part of the linker is
affected by the exchange in the CCHH ZF. We can assume that
the D and E forms determined in the isolated CCHH ZF are
still conserved in the domain from residues 12 to 53 since (i)
NOESY performed at 278K in D,O on His28(12-53)NCp7
showed similar NOE patterns and chemical shifts for the aro-
matic protons of Phe16, His23, and His28 (Fig. 3A) and (ii) the
>N and 'H chemical shifts of His28 in both forms are identical
to those observed in the isolated CCHH ZF (Fig. 3B). Analysis
of the peak intensities in the HSQC (Fig. 3B) indicates that the
D form is a major conformation in His28(12-53)NCp7 but that
the D and E forms were equally present in the isolated CCHH
ZF (27).

These results indicate that the Cys28—His mutation induces
different effects on the folding and dynamic behavior of the ZF
domain to the His23—Cys mutation (8). The interactions be-
tween the linker and the N-terminal ZF probably favor the
CCHH D form and suggest that cooperative behavior and
transient interactions may occur between the N-terminal
CCHH ZF and the linker in His28(12-53)NCp7, inducing some
restricted motions in the linker.

Comparison of the models of His28(12-53)NCp7 with the
wild-type (12-53)NCp7 structure. We attempted to generate
three-dimensional models of His28(12-53)NCp7 using stan-
dard procedures in X-PLOR version 3.84 (4, 24). The distance
restraints observed in the isolated CCHH ZF (27) were used
for His28(12-53)NCp7. Those identified by NOESY for resi-
dues 34 to 53 were identical to those in the native (12-53)NCp7
(21, 22) and were introduced into the calculations. Ten struc-
tures over 100 were retained for each form based on the lowest
total energy; no NOE violations were greater than 0.2 A, and
no angle violations were greater than 5°. The quality of the
structures was evaluated with PROCHECK (15).

Due to the absence of restraints between the two ZFs in the
calculations, no model shows proximity between the CCHH
and CCHC ZFs (Fig. 4). In contrast to the isolated CCHH ZF,
where the average root mean square distance (RMSD) on the
Cys15-His28 backbone atoms was less than 0.5 A for both
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FIG. 3. Evidence of two forms in exchange in His28(12-53)NCp7.
(A) Fingerprint aromatic region of the NOESY spectrum of His28(12-
53)NCp7 in D,O at 278K showing chemical exchange cross-peaks for
the His23 ring protons H>* and H*' and for His28 H2 The aromatic
protons of Trp37 in the second ZF remained unaffected by the chem-
ical exchange occurring at the N-terminal CCHH ZF level. (B) 'H-"N
HSQC analysis at 293K (top) and at 278K (bottom) of His28(12-
53)NCp7 in which only His28 is '*N enriched. Two "H-""N correlation
peaks evidenced at 7.82 and 7.68 ppm in the 'H dimension for His28 show
the presence of both the D and E forms, respectively. A smaller relative
intensity of peaks is observed at 278K than at 293K, indicating the stabi-
lization of the E form with a decrease of temperature.
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FIG. 4. Comparison of the D and E forms of His28(12-53)NCp7
with those of (12-53)NCp7. (A and B) Stereoviews showing the super-
imposition of the 10 lowest-energy structures of the D form (A) and E
form (B) of His28(12-53)NCp7 on the native (12-53)NCp7 structure.
In both the D and E forms of His28(12-53)NCp7 (in purple, with the
linker in magenta), the N-terminal residues from positions 15 to 28 of
the CCHH ZF are superimposed on the native N-terminal residues of
the CCHC ZF of (12-53)NCp7 (in yellow, with the linker in orange).
The average RMSD values on the Cys15-His28 backbone atoms on the
10 models of both the D and E forms in His28(12-53)NCp7 are 1.10 =
0.21 and 2.26 = 0.21 A, respectively.

forms (27), the average backbone RMSD values on the 10
lowest-energy models of both D and E CCHH forms in
His28(12-53)NCp7 are 1.10 *+ 0.21 and 2.26 * 0.45 A, respec-
tively (Fig. 4). These calculations give an indication of how the
linker and the C-terminal ZF can act on the relative distribu-
tions of both D and E forms. This is consistent with the NMR
results that show that D is the most stable form of His28(12-
53)NCp7.

Comparison of the models of lowest energy for both forms
with the native ZF indicates that the CCHH D form of
His28(12-53)NCp7 is closer to the native CCHC fold, with an
average backbone RMSD of 1.49 A compared to 2.28 A for the
E form (Fig. 5). In addition, it appears that, in contrast to the
E form, the side chains of residues involved in the nucleic acid
interactions (Vall3, Phel6, Thr24, and Ala25) (1, 2, 7, 23)
form a cluster in the D form similar to that observed in the first
CCHC ZF in the wild-type NCp7 (Fig. 5). Conversely, this
cluster is not observed in the Cys23(12-53)NCp7 structure (8).
Recent studies have shown that the first and second ZFs in
NCp7 are not interchangeable for the NCp7 nucleic acid chap-
erone activity (13, 17) and suggested that the optimal unwind-
ing activity could be attributed to the hydrophobic cluster in
the first ZF of NCp7 that is not present in the second ZF (17).
Based on our structural models of His28(12-53)NCp7 and
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FIG. 5. Comparison of the side chain orientations of the mutant
CCHH and the native CCHC structures. Stereoview of the N-terminal
CCHH ZF of the best model of both the D (top) and E (bottom) forms
(dark blue) superimposed on the N-terminal CCHC ZF of the native
(12-53)NCp7 (orange). The RMSD values for the Cys15-His28 back-
bone atoms between the N-terminal native CCHC ZF and those of the
best models of both the CCHH D and E forms are 1.49 and 2.28 A,
respectively. Side chains of Vall3, Phel6, Thr24, and Ala25 are shown
in light blue for the D and E forms of His28(12-53)NCp7 and in red for
the native (12-53)NCp7. These four residues, essential for the inter-
action with nucleic acids, form a cluster in the D form that is similar to
that observed in the native (12-53)NCp7.

Cys23(12-53)NCp7 and their different in vitro responses ob-
served by SPR, it appears that the formation of the hydropho-
bic cluster in the first ZF may be a critical factor for nucleic
acid interaction and RT recognition.

Conclusion. In spite of the conformational heterogeneity of
the His28(12-53)NCp7 mutant, our study suggests that some
His28(12-53)NCp7 conformations may be closer to that of the
native (12-53)NCp7 than to those of Cys23(12-53)NCp7. This
may account for the interaction of His28(12-53)NCp7 with
NCp7 targets observed by SPR. However, our results indicate
that the integral structure of the first ZF of NCp7 is required
for viral DNA synthesis via an optimal interaction between
NCp7 and RT for maintaining HIV infectivity.

The structures of His28(12-53)NCp7 were deposited in the
Protein Data Bank with the code numbers 1Q3Y and 1Q3Z for
the D and E forms of His28(12-53)NCp7, respectively.
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